Low-resolution structures of procapsids and mature capsids for dsDNA phages (7, 8) , HK97 (9, 10), 29 (11) , and P22 (12) have been determined by electron cryomicroscopy (cryo-EM) and image reconstruction. We have determined the first crystal structure of a tailed bacteriophage capsid, HK97, to 3.6 Å resolution. Four stages have been defined in the capsid maturation pathway of HK97, a member of the -like bacteriophage family (Fig. 1, A and B ). Assembly begins with the Escherichia coli GroEL/ESassisted folding of the gp5 capsid protein and association into hexamers and pentamers. When expressed alone, gp5 assembles into a portal-deficient version of Prohead I. Coexpressing the gp4 protease with gp5 allows wild-type maturational cleavage of gp5, producing Prohead II. Prohead II can then be expanded in vitro into mature Head II (9, 13) , containing 420 copies of cleaved gp5 (residues 104 to 385). Prohead II matures to Head II in vivo when dsDNA is packaged into the capsid. Head II is highly stable as a result of the autocatalyzed, isopeptide bond formed between the side chains of Lys 169 and Asn 356 in the final maturation step (Fig. 1C ) (13, 14) . On the basis of the biochemistry, the capsid subunits were proposed to be topologically linked into protein catenanes, or chainmail (5) . The capsid crystal structure shows how the isopeptide bond is formed between subunits, arranged in topologically linked, covalent circular rings. We term this type of macromolecular assembly protein chainmail because it comprises a three-dimensional fabric of catenated protein circles. The methods for the growth and data collection of the fragile capsid crystals were reported (15) . The crystal space group is P2 1 , with unit cell dimensions a ϭ 581 Å, b ϭ 628 Å, c ϭ 789 Å, ␤ ϭ 89.9°. Determination of the particle orientation and position at 7 Å resolution was described (16) . The data were subsequently extended to 3.45 Å resolution (17) , and a total of 22 million reflections (4.8 million unique) were measured on unfrozen crystals. The phasing to 3.6 Å resolution is described in Table 1 . Further details of the structure determination will be described elsewhere.
The electron density map was readily interpreted at 3.6 Å, and a model was constructed of the seven gp5 capsid subunits in the icosahedral asymmetric unit ( Fig. 2 and 3A ) (18) . Capsid maturation requires the cleavage of 103 residues from the NH 2 -terminus of gp5, and thus the sequence numbering of the mature subunit begins with Ser 104 (Fig. 2 ). Clearly defined electron density was present for residues 104 to 383; the main chain was visible to Gly 384 . HK97 gp5, a new category of virus fold, has no structural similarity to any previously determined capsid protein (Fig. 2) . It is a mixed ␣/␤ structure (28% ␣ helix; 32% ␤ strand) organized into two compact, spatially distinct domains that are not sequence contiguous. The axial domain A is near the fivefold and quasi sixfold symmetry axes, and the peripheral domain P, plus extensions (N-arm and E-loop), fill the region between adjacent quasi or icosahedral threefold axes (Fig. 3A) . Together, domains A and P alone form an L-shaped monomer. The core of the 48 Å long domain A is a four-stranded antiparallel ␤ sheet packed against helix ␣5 and protrudes slightly from the capsid surface. Strand ␤K of this sheet forms the gp5 COOH-terminus on the capsid exterior. A 21-residue insertion between ␣6 and ␤F forms, with its symmetry mates, an interior annulus at the pentamer and hexamer axes (Figs. 2 and 3A) . Domain P spans the quasi threefold and twofold axes of the particle and is, without the extensions, ϳ63 Å long and slightly smaller in radius than domain A. Domain P comprises a 43 Å long ␣ helix (␣3Ј/3Љ), packed against a threestranded antiparallel ␤ sheet. There is an unusual eight-amino acid loop (␣3Ј-␣3Љ loop) inserted within this helix near its COOH-terminal end and extending 15 Å outward to the capsid surface from the center of the helix axis (Fig. 2) . Three glycine residues provide folding flexibility, but the loop is stabilized by a salt bridge and hydrogen bonding, and the electron density is well resolved and therefore not exceptionally mobile. The ␣3 helix continues for one additional turn (␣3Љ) past the loop.
The unusual form, organization, and function of the subunits derive from the N-arm and E-loop and their acrobatic quaternary associations. The N-arm is formed by residues 104 to 132 (Fig. 2) and extends 67Å from the monomer core. The conformation is extended, and the polypeptide displays several changes in direction, facilitated by three proline residues. Most of the N-arm runs underneath an adjoining subunit on the capsid interior surface, but the NH 2 -terminus is on the capsid exterior surface and contacts two other symmetry-related monomers (Fig. 4A) . The E-loop (residues 148 to 181), following the N-arm in sequence, is a 52-Å-long, twostranded antiparallel sheet connected by a turn. It spans the quasi twofold and threefold axes and contains Lys 169 , one of the two residues forming the isopeptide bond between subunits, and contacts two other symmetry-related monomers (Fig. 3, A and B) .
The HK97 capsid has the symmetry and shape of an icosahedron, with a maximum diameter of 659 Å along the fivefold axes (Fig. 3B ). The thickness of the shell is only 18 Å or less, giving the empty particle the appearance of an icosahedral balloon (Fig.  3C ). The HK97 capsid is thinner than eukaryotic viruses constructed with a ␤ barrel, which are typically 40 Å or more thick. The capsid is constructed from pentamers and hexamers, with seven unique copies of the polypeptide chain in the icosahedral asymmetric unit arranged with T ϭ 7 quasi symmetry (Fig. 4B) , an arrangement not previously observed in a high-resolution structure. The hexamers display high-fidelity sixfold symmetry, with subunit backbone conformations that are similar except for the hexamer/ pentamer annulus and N-arm and E-loop. An icosahedron organized with a T ϭ 7 lattice is enantiomorphic; the capsid hand, determined from the crystal structure, is levo. The closest example to this quasi symmetry in a crystal structure is the papovavirus capsid, arranged on a T ϭ 7 dextro lattice, but with pentamers substituted in the hexavalent lattice positions (19) . HK97 contains nine arginine residues per subunit on the interior particle surface that may interact with the adjacent dsDNA to neutralize its negative charge (20).
Subunit interactions are extensive; each subunit contacts four others within its own hexamer or pentamer, making additional nonbonded contacts with subunits beyond the morphological units, and finally forming covalent bonds to two subunits from two different hexamers or pentamers (Fig. 3, A and  B ). There is a remarkable shape complementarity between the hexamer and pentamer subunits, particularly in contacts between adjacent A domains. Subunit interactions are stabilized by a typical combination of van der Waals contacts, hydrogen bonds, and salt bridges (21) , plus the unusual isopeptide bonds.
The hexamers are nearly planar, whereas the pentamers are concave, thereby introducing capsid curvature (Fig. 3 , B and C). These differences in dihedral angles between subunits appear to arise from small variations in side-chain interactions. The N-arm and Eloop conformations, leveraged by their length, display exaggerated differences between hexamers and pentamers, to accommodate the surface curvature. We speculate that conformational differences in the N-arm and E-loop accommodate the particle structure, rather than functioning as a conformational switch regulating particle assembly. The mature capsid subunits are intertwined so extensively that the need to first construct a procapsid precursor followed by maturation in discrete steps is easily rationalized.
Each subunit of the HK97 capsid is covalently bonded to two neighboring subunits through the ligation of a Lys 169 side chain to Asn 356 via an isopeptide bond. The bond organization explains why the mature HK97 particles are extraordinarily stable and cannot be disassembled to enter an SDS gel (14) without protease treatment (5). Biochemical analysis was used to identify the bond-forming residues, and protein chainmail was proposed to explain the unusual biochemistry. Duda (5) proposed that cross-links were formed between subunits of the pentamer and hexamer within the capsomers, and that polypeptide chains from neighboring capsomers were intertwined to hook subunits from adjoining morphological units, thereby constructing a topological link from each subunit. The structure of the capsid confirms the existence of covalent protein circles and their topological interlinking as deduced from the biochemical experiments. However, the structure is different from what was originally envisaged (5), as described below.
Protein chainmail has three levels of organization: (i) 420 isopeptide bonds between Lys 169 and Asn 356 on neighboring subunits (ii) join monomers together into covalent rings (meta-hexamers and pentamers), (iii) which are organized topologically into catenated links by capsid icosahedral symmetry. These three components together create capsid chainmail (Fig. 4) .
Individual subunits are cross-linked into hexameric and pentameric rings of subunits, which we call metahexamers and pentamers, because these covalent subunit rings encircle, rather than form, the hexamer or icosahedral pentamer, from which the capsid assembles (e.g., Fig. 4 , A an B) (22) . The symmetry of the metahexamer approximates the quasi sixfold symmetry of the hexamer that it encircles. When the icosahedral symmetry is applied to the metahexamer or pentamer, the (Fig. 4C) , around which nine subunits interact in a nexus of quaternary interactions. Three P domains, three N-arms, and three E-loops, from nine different subunits, interact within a small volume (23) . The isopeptide bond between Lys 169 and Asn 356 side chains, linking two subunits, is clearly visible in the density for all seven subunits (shown for one in Fig. 4D ). The Glu 363 carboxyl from a third subunit is hydrogen-bonded to the carbonyl oxygen of the isopeptide (Fig. 4D) . The reaction that forms this bond is autocatalytic and is the final step of capsid maturation. Cross-linking can be abolished by mutating Lys 169 to Tyr, which assembles, cleaves, and matures to Head I, but does not cross-link (24) . Crosslinking can also be abolished by mutation of Glu 363 to Ala, resulting in normal assembly and maturation, but preventing cross-linking (25) . This suggests that Glu 363 is required for the catalytic mechanism. Protein chainmail completely explains the complex biochemical data on the unusual HK97 capsid stability.
There are striking similarities in assembly and maturation among the tailed dsDNA phages. Cryo-EM reconstructions of HK97 (9), P22 (12), lambda (7, 8) , and even the animal virus herpes (26 ) , show that the hexamers are asymmetric and protrude from the procapsid but flatten out and adopt sixfold symmetry in the mature capsid. Many mature phage capsids share features including the icosahedral shape, very thin shells, and levo parity of the T ϭ 7 quasi symmetry (6, (27) (28) (29) . A cryo-EM reconstruction of the gpD Ϫ phage lambda capsid (7 ) appears strikingly similar to HK97 Head II at low resolution. The similarities suggest a deeper structural homology between phage capsids in different taxonomic groups, even though their sequence similarity is very low. Only additional high-resolution structures will reveal whether the common features are the result of a remarkable convergence of function or are so widely diverged that only similarity in structure and function are detectable. The HK97 capsid protein has one clear homolog, the capsid protein of the Pseudomonas phage D3, which also forms crosslinks (30) . They have 41% sequence identity, and the cross-linking Lys 169 and Asn 356 residues and the putative catalytic residue, E363, are conserved (31) .
High-resolution structures of phage capsids with single-stranded RNA (ssRNA) and ssDNA genomes were determined previously. The ssDNA phage X174 capsid (32) and the dsDNA phage PRD1 hexon (33) both display the common ␤-sandwich folds of eukaryotic viruses. ssRNA phages, such as MS2 (34) , have a novel fold compared with eukaryotic ssRNA viruses, suggesting an evolutionary path independent from that of the canonical capsid ␤ sandwich. The HK97 capsid bears no resemblance to either of these folds, suggesting a separate evolutionary path for tailed bacteriophage capsids.
HK97 is the first example of a protein catenane. Two types of molecular catenanes have been described: DNA catenanes (including Borromean rings) (1-3) and synthetic organic catenanes (4). The arrangement of chainmail links in the HK97 capsid can be described in topological terms. Each pair of metahexamer and pentamer links that is related by an icosahedral or quasi twofold axis is in a left-handed antiparallel arrangement (35) . In the set of three interlocked rings that associate around the threefold axis, every pair of two rings is linked together, and thus the topology is not a classic Borromean ring structure.
Most plant and animal viruses must balance capsid stability for nucleic acid protection with the need to disassemble during infection. Tailed bacteriophages circumvent disassembly by injecting dsDNA directly into the bacterial cell through the tail. Most phage probably do not form cross-links, but may stabilize the capsid by functionally analogous means, such as accessory protein addition at the threefold axes (7, 36) . Considering the severe environments from which phage have been isolated, increased capsid stability may provide an evolutionary advantage. Decreased stability in the absence of HK97 cross-linking was demonstrated with a mutant (Lys 169 3 Tyr) that abolishes isopeptide bonding, but produces otherwise normal-appearing capsids (5, 24 ) . This mutant protein failed to form infectious particles in a complementation assay (25) ; the crosslinks may have replaced other preexisting stabilizing elements during evolution.
A linear cross-linking of proteins by means of isopeptide bonds occurs in fibrin clotting, where the biological role is to provide increased clot stability (37) . Fibrin subunits cross-link by Lys-Gln side-chain ligation, catalyzed by a separate transglutaminase enzyme containing a cysteine protease-like active site (38) . Although the Lys-Asn isopeptide in HK97 is chemically similar to fibrin, no mechanistic similarity is apparent from the structure. HK97 may be a unique example of a transamidation reaction where isopeptide bonding is autocatalytic, and is unusual in ligating Lys to Asn, rather than Gln.
Asparagine side chains can deaminate or cleave through a cyclic imide intermediate formed by a nucleophilic attack of the mainchain carbonyl carbon by the asparagine side- Table 1 . Structure determination. Data statistics are to 3.45 Å resolution, and the current phases were determined to 3.6 Å resolution. Low-resolution reflections were measured and included in the data set between 200 and 16 Å resolution. Collection of low-resolution x-ray data (SSRL beam line 4-2) was crucial to overlap with the lowresolution cryo-EM phasing model (maximum resolution, 25 Å). They were merged with two moderate-resolution data sets (CHESS beam line F-1) and two 3.6 Å resolution data sets (APS BioCARS beamline 14BM-C). The data were processed, scaled, and post-refined with the programs DENZO, SCALEPACK (41) , and AGROVATA (42) . The structure determination used molecular replacement averaging and phase extension, with the program packages RAVE (43) and CCP4 (42). One virus particle per crystallographic asymmetric unit provides 60-fold noncrystallographic symmetry. A cryo-EM reconstruction of HK97 Head II was used to build a low-resolution phasing model with scattering centers placed on a uniform grid within the envelope (9) . After adjusting the radial scale of the model based on the x-ray structure factors, phases were calculated between 200 and 50 Å resolution and combined with the measured x-ray amplitudes. Real-space averaging was initiated between 200 and 50 Å resolution, and phases were extended one reciprocal lattice step at a time with five cycles of averaging at each step. The interpretability of the final map was improved by applying an artificial B factor of Ϫ40 Å 2 to the structure factors to up-weight the higher resolution terms. ε-amino group by Glu 363 . The complexity of the HK97 capsid structure is striking, but represents only the final stage of maturation. Capsid assembly and maturation require a regulatory process of commensurate complexity to the final assembly product, and the goal is to understand this process in molecular detail. Prohead II, round in shape and extensively corrugated, with hexamers skewed into a dimer of trimers, is radically reorganized during maturation. Maturation involves an "ironing out" of these corrugations and an unskewing of the hexamers, producing the larger size, icosahedral shape, and smooth surface of Head II. Structures of three transitory intermediates between Prohead II and Head II, staging posts on the pathway of capsid reorganization, were recently determined by cryo-EM reconstruction (10) . The stage is now set to understand HK97 morphogenesis in chemical detail.
